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a b s t r a c t
Sol–gels are organic–inorganic polymers formed by hydrolysis/condensation reactions of alkoxide pre-
cursors, primarily silanes, which have found applications as electronic, optical and protective coatings.
These coatings possess important characteristics such as chemical stability, physical strength and scratch
resistance. Further performance improvement is achieved through the incorporation of zirconium and
titanium based nanoparticles, also formed through the sol–gel process. However due to the inherent dif-
ference in the reactivity of the precursors, the hydrolysis of each precursormust be carried out separately
before being combined for final condensation. Zirconium precursors are commonly chelated using acetic
acids, prior to hydrolysis, to lower the hydrolysis rate.
In this body of work various ligands such as organic acids, acetyl acetone (AcAc) and 2,2′-bipyridine
(Bipy) were used to control the zirconium hydrolysis reaction and form nanoparticles within the silane
sol matrix.
Nanoparticle modified coatings formed from the silane sol on AA 2024-T3 aluminium were charac-
terised spectroscopically, electrochemically and calorimetrically to evaluate the potential effect of the
different chelates on the final film properties while neutral salt spray tests were performed to study
their anti-corrosion performance. Results indicate that the acid ligand modified coatings provided the
best performance followed by AcAc, while Bipy was the poorest. In all cases the zirconium nanoparticle
improved the protective properties of the sol–gel coating.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
As the most abundant metal in the Earth’s crust (8.1%), alu-
minium is used extensively in alloys for products ranging from
kitchen utensils and drink cans to engineering, architectural and
automotive applications. However aluminium is not found free in
nature, but chiefly as bauxite due to its reactivity. Consequently
products with high aluminium content need to be protected from
atmospheric conditions in order to maintain their appearance and
performance. This is important if the alloy contains high lev-
els of secondary phase particles, such as copper intermetallics,
which may promote galvanic activity. Until recently the current
state of art for protecting aluminium alloys involved the use of
hexavalent chromium technology [1]. However in the interest
of human health [2,3] and environmental concerns, alternative
solutions are being pursued. For engineering applications organic
polymers (polyesters, polyamides, alkyds, polyurethane) [4], con-
∗ Corresponding author. Tel.: +353 1 402 7964; fax: +353 1 402 7941.
E-mail address: bduffy@dit.ie (B. Duffy).
ductive polymers (polyaniline and polypyrrole) [4,5] and sol–gel
derived organic–inorganic hybrid materials have emerged as a
promising Cr6+ alternatives [6].
The sol–gel process can be used to form nanostructured inor-
ganic films (typically 200nm to 10m in overall thickness) that
are more resistant thanmetals to oxidation, corrosion, erosion and
wear while also possessing good thermal and electrical properties.
Thechemistryof the sol–gelprocess iswell known[7–9]withexcel-
lent reviews [6,10,11] and books [12] available. The most common
sol–gel materials used as coatings are based on organically mod-
ified silicates (ormosils), which are formed by the hydrolysis and
condensation of organicallymodified silaneswith alkoxide precur-
sors [13,14].
Initial studies of ormosils as protective coatings on aluminium
[15,16] found that they lacked chromium’s self-healing properties.
However the combination of ormosils and zirconium chemistries
were found to improve the coatingsperformance considerably [17],
especially alkali resistance. Some United States Air Force stud-
ies investigated several routes towards improving performance
including the use of rare-earthmetal salts [18], amine cross-linkers
[19–21], supramolecular inclusion and organic inhibitors [22,23].
0300-9440/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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Similar approaches were investigated by Ferreira’s group
in Portugal which concentrated on epoxy functionalised
silane–zirconium systems by adding cerium [24], azole based
organic inhibitors in host molecules [25,26] and bis-silanes [27].
This group has also published data which suggests the route of
zirconium inclusion is important, as the choice of chelating ligand
may have an effect of the final coating performance [28]. This
would be in agreement with the previous studies which found
that hydrolysis of zirconium alkoxides can be controlled to deliver
nanoparticles of varying sizes [29,30].
The aim of this work is to study the performance of hybrid
sol–gel coatings on AA 2024-T3 aluminium alloy while varying
the ligands used to chelate the zirconium precursor. Zirco-
nium n-propoxide was chelated with three carboxylic acids
(methacrylic, acetic and isobutyric acid), a -diketone (AcAc) and
Bipy to form nanoparticles within a silane matrix based on 3-
(trimethoxysilyl)propylmethacrylate (MAPTMS). Once applied as
a coating, the influence of the ligand on the physical properties
was studied using Fourier transform infra-red (FTIR) spectroscopy,
differential scanning calorimetry (DSC) and dynamic light scat-
tering (DLS). The electrochemical behaviour of the coatings was
studied using potentiodynamic scanning (PDS) and electrochem-
ical impedance spectroscopy (EIS). Long term performance was
evaluated using neutral salt spray test.
The results indicate that the effect of ligands on performance of
hybrid coatings is very significant, especially inharshenvironments
where aluminium alloys are dependant on protective coatings for
long term usage.
2. Experimental
2.1. Synthesis of hybrid sols
The sols were prepared according to the experimental
schematic in Fig. 1. The silane precursor, 3-(trimethoxysilyl)
propylmethacrylate (MAPTMS) (Sigma–Aldrich, Ireland, assay
∼99%)waspre-hydrolysedusing 0.01NHNO3 for 45min (A). Simul-
taneously, zirconium (IV) n-propoxide (TPOZ) (Sigma–Aldrich,
Ireland, assay ∼70% in propanol) was chelated using one of five
ligands (Table 1), at a 1:1 molar ratio for 45min (B) to form
a zirconium complex. All of the ligands (acetic acid, isobutyric
acid, methacrylic acid, acetylacetone and 2,2′-bipyridine) were
purchased from Sigma–Aldrich (Ireland) and used without fur-
ther modification. Solution A was slowly added to solution B over
10min. The mixture of A with B is characterised by an exother-
mic reaction indicating the hydrolysis of the remaining propoxy
bonds on the zirconium precursor, rather than a physical dis-
Fig. 1. Flow chart for the preparation of hybrid sols.
Table 1








persion, was occurring. Following another 45min, water (pH 7)
was added to this mixture to give a final molar ratio of 2.5:1:1:5
(MAPTMS:ligand:TPOZ:H2O), as used previously [31]. For descrip-
tion purposes the final sol–gel coating materials will be referred in
shorthand notation as Si/Zr/ligand (e.g. Si/Zr/AcOH).
2.2. Preparation of sol–gel coating
AA2024-T3 aluminium panels (150mm×100mm) were
sourced from Amari Irl, Clondalkin. The panels were degreased
with isopropanol, alkaline cleaned using Oakite 61 B® (Chemet-
all, UK) by immersion at 60 ◦C for 1min and washed in warm
deionised water. Any smut was removed by washing in 10% nitric
acid (Sigma, Ireland) andwashed in deionisedwater. The sols were
filtered using a 0.45m syringe filter and applied by spin coating
on AA 2024-T3 alloy at up to 1000 rpm and cured for 12h at 100 ◦C.
The final thickness of all sol–gel coating was 3.5m (±0.5m), as
measured using an Isoscope® non-destructive coating thickness
gauge. All finishes were touch dry within 24h, with a gloss finish.
2.3. Measurements
The electrochemical data was obtained using a Solartron
SI 1287/1255B system comprising of frequency analyser and
potentiostat. Potentiodynamic scanning was performed using an
electrochemical cell (PAR K0235 Flat Cell) with an exposed area
of 0.78 cm2 in a continually aerated Harrison’s solution (3.5wt.%
(NH4)2SO4 and 0.5wt.% NaCl) where the coated metal acted as a
working electrode, a silver/silver chloride (Ag/AgCl) electrode was
used as a reference electrode and platinummesh as a counter elec-
trode. All scans were acquired in the region from −0.4 to +0.5V vs.
Eoc, with a scan rate 20mV/s at room temperatures (20±2 ◦C).
Please cite this article in press as: P.C.R. Varma, et al., Effect of organic chelates on theperformanceof hybrid sol–gel coatedAA2024-T3 aluminium
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Electrochemical impedance data was performed using the elec-
trochemical cells prepared by slicing polypropylene sample bottles
(2.5 cm diameter) 10mm from the base which were then secured
on the sol–gel coated aluminium substrate using a 2K epoxy adhe-
sive (Araldite, Radionics (Ireland)). A dilute Harrison’s solutionwas
used as electrolyte (0.35wt.% (NH4)2SO4 and 0.05wt.% NaCl). All
measurements were made at the open circuit potential (OCP, Eoc)
with an applied 10mV sinusoidal perturbation in the frequency
range 1×106 to 1×10−2 Hz (10 points per decade).
Samples for differential scanning calorimetry (DSC) were pre-
pared by dropping 10l of the sol into aluminium sample pans
and curing at 100 ◦C for 1h in an oven. DSC measurements were
carried out using a Rheometric Scientific DSC QC instrument under
an air atmosphere at a heating rate of 10 ◦C/min between 50 and
400 ◦C.
Sol–gel particle sizeswere determinedusing aMalvernNano-ZS
instrument, using the Dynamic light scattering (DLS) technique.
The chemical bonding within the zirconium complexes was
characterised by Fourier Transform Infrared Spectroscopy (FTIR,
PerkinElmer GX). The solution B was dried at 100 ◦C for 12h. The
dried powders were then crushed with KBr pellets to form disks
and analysed in transmission mode.
The corrosion resistance of the coated AA2024-T3 alloys was
evaluatedbyexposureof the scribedsamples to salt fogatmosphere
generated from5wt.% aqueousNaCl solution at 35 (±1) ◦C for 168h
according to ASTM B117 specifications. The edges and backs of all
panels were protected using a two pack epoxy coating prepared
using Desmophen A365 and Desmodure N75 (Bayer AG, Germany).
The sides were also taped using insulating tape.
3. Results and discussion
3.1. FTIR results
FTIR spectroscopy is a powerful characterisation technique to
identify the coordination mode of a carboxylate ligand in metal
carboxylates [29]. To identify the effect of the ligands on the
nature of the coordination with the zirconium atom, 5 complexes
were synthesised and respective infrared spectra recorded in the
1300–1800 cm−1 spectral range, as represented in Table 2. This is
well known to be the region where the carboxylic vibration bands
areusually identified [32].Within this spectralwindowTPOZshows
6 absorption bands centred at 1350, 1360, 1380, 1440, 1460 and
1470 cm−1 ascribable to the stretching vibrations of the aliphatic
CH groups contained in the propoxide group [33]. The absorp-
tion vibrations involving the Zr–OPr group are primarily located
in the range 800–1300 cm−1 [34] and do not show any absorption
Table 2
FTIR peak assignation for chelated zirconium precursors in the 1300–1800 cm−1
region.
Ligand Wavenumber (cm−1) Inference
AcOH 1548 as COO−
1446 s COO−
IBA 1542 as COO−
1477 s COO−
1430 ı CH3
MAAH 1770 C O
1550 as COO−
1448 s COO−
AcAc 1598  C O (bonded AcAc—enol form)




Scheme 1. Keto-enolic equilibrium of the acetylacetone molecule.
beyond1500 cm−1.Within the 1300–1800 cm−1 spectral range, the
chelated TPOZ shows several absorption bands inherent to the fun-
damental vibration of the zirconium nanoparticle [31].
The Zr/ligand complexes synthesised with carboxylic acids
ligands (MAAH, IBA, and AcOH) have two peaks in the
1500–1700 cm−1 region, which are clearly ascribable to the sym-
metric (s) and asymmetric stretching (as) vibrations of the
carboxylic group (COO−) respectively [35].With typical (COO−)
of between 75 and 125 cm−1, all complexes can be said to act as
bidentate chelates.
Twobands are observed at 1598 and1523 cm−1 for the Zr/ligand
complexes synthesised with AcAc that can be attributed to the
formation of the carbonyl and vinyl bonds within the prevalent
keto-enol form of the ketone (Scheme 1).
In this configuration the unsaturated vinylic group acts as an
auxochromicgroup, thenprovokingabathochromic shift of the car-
bonyl group via a mesomeric effect. It is possible that the complex
synthesised with AcAc can exist in two different configurations,
due to the presence of the methylene bridge in the aliphatic chain
between the ketone and the alcohol functions, which can confer a
higher flexibility to the molecule facilitating binding with two dif-
ferent zirconiumatoms, thereby increasing the size of the particles.
The complex synthesisedwithBipy as chelating agent shows the
disappearance of the main absorption bands associated to the Bipy
absorption (1414, 1451, 1457, and 1578 cm−1) and the appearance
of a broad band (measuring about 320 cm−1) centred at 1565 cm−1.
Basically, Bipy can only react with TPOZ by coordination bonds
involving the nitrogen atom and the free d orbitals of the zirco-
nium atom. Similarly to AcAc, Bipy is potentially bidentate and can
potentially react with two different zirconium atoms in its trans
form, potentially forming oligomers of different sizes. However, by
both the electronic attraction (mesomeric effect) and sterical hin-
drance of the aromatic structure, Bipy can provoke distortions of
the spatial configuration of the oligomers formed. Both phenom-
ena can contribute to the molecular dispersion, the result of which
is observed as the broadening of the fundamental absorption of the
metal-ligand vibration.
From the analysis of the IR spectra, two conclusions can be
drawn. Firstly the formation of zirconium complexes with organic
ligands is clearly evidenced in this work. Secondly, the nature
of the organic ligand has an effect on the size of the zirconium
particles. Indeed, it seems that the carboxylic acids tend to form
complexes with only one zirconium atom, whereas AcAc and
Bipy have the ability to form oligomers with different degrees of
condensation.
3.2. Thermal stability
DSCanalysiswasperformedon cured sol–gelmaterials between
25 and 400 ◦C, although theworking temperature for a typical coat-
ingwould be likely to be below 250 ◦C. The results indicate that the
ligand choice has a profound effect on the glass transition temper-
ature (Tg) of eachmaterial (Table 3). Two distinct transitions can be
attributed to the zirconium nanoparticles and the silane network.
It was found that the zirconium nanoparticles formed using MAAH
and AcOH display higher Tg, while Bipy is lowest. This highlights
the difference (by up to 80 ◦C) in the chelating ability of the ligand
and is related to the metal-ligand charge transfer stability. There is
less variation in the Tg for the silane network which remains con-
sistent in the 300–320 ◦C region. Therefore it is reasonable to infer
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Table 3
Physical data for ormosil coatings.
Zirconium chelate Tg Particle sizes (nm)
No zirconium 130 2.3a
AcOH 260, 310 0.83b, 7.5a
IBA 240, 320 1.5b, 8.7a
MAAH 260, 305 0.96b, 2.6a
AcAc 205, 250 1.17b, 6.5a
Bipy 180, 320 2b, 8.7a, 122c
a Silane sol.
b Zirconium chelated nanoparticle.
c Bipy oligomer.
that the thermal stability of the acid chelated complexes is superior
to the weaker basic bonded ligands.
3.3. Particle size analysis
Particle size measurements (Table 3) indicate the level of
influence the ligands have on the formation of the Zirco-
nium nanoparticles. The lowest particle sizes are Si/Zr/AcOH
and Si/Zr/MAAH, followed by Si/Zr/AcAc, Si/Zr/IBA and finally
Si/Zr/Bipy. Interestingly Si/Zr/Bipy seems to have formed particles
in the 120nm range, potentially oligomers as discussed previously.
3.4. Electrochemical testing
The electrochemical properties of the sol–gel coatings give
vital early information on the potential long term performance in
aggressive challenging environments. Potentiodynamic scanning
(PDS) is a DC technique that gives useful information on a coatings
ability to resist corrosion against a voltage gradient, while elec-
trochemical impedance spectroscopy (EIS) is an AC technique is
used to estimate electrochemical interactions at the coating metal
interface at a preset potential, usually the open circuit potential.
3.4.1. PDS
Using Harrison’s solution potentiodynamic evaluation involves
applying a voltage from 0.5V below the open circuit potential
(cathodic region) to 0.4V above it (anodic region). Therefore the
degree of change in the current density (electrons exchange occur-
ring at the electrodes) is a function of the potential applied. If a high
enough potential (overpotential) is applied then corrosion is accel-
erated. Therefore a coating that maintains a low current density at
high overpotential is desirable. The coating properties such as cor-
rosion current densities (Icorr) and potential (Ecorr) were estimated
by the Tafelmethod [36], while the polarisation resistance (Rp)was
calculated using Stern–Geary equation [37] (Eq. (1)).
Icorr = BRp (1)
where Rp is the polarisation resistance and B is a proportionality
constant for the particular systemwhich is calculated from and the
slopes of the anodic (ˇa) and cathodic (ˇc) Tafel regions as shown
Fig. 2. Potentiodynamic scan plots for various sol–gel coatings: (A) MAPTMS and
Si/Zr modified with various ligands such as (B) MAAH, (C) AcOH, (D) IBA, (E) AcAc,
(F) BP, (G) Bare AA2024 (inset: extrapolation of data in Tafel region of (B)).
by Eq. (2).
B = ˇa · ˇc
2.3(ˇa + ˇc)
(2)
Icorr, Ecorr and the Tafel coefficients for all coatings are listed in
Table 4. It should be noted that as the solution was agitated by
aeration and not stirring, and considering that the metallic surface
is covered by a coating, the rate determining step of the electrode
process is probably not the activation of that charge transfer and
thus, the physical values in Table 4 can only be used to differentiate
the samples qualitatively, but not quantitatively.
The use of an organosilane reduced the apparent corrosion
current density by an order in magnitude versus bare AA2024-
T3. The improvement can be attributed to the adhesion of a
nanostructured silane coating to the alloy surface. With little
change in the Ecorr value it is clear that the coating does not
inhibit any electrochemical activity on the surface, but retards
the ingress of water and/or oxygen. Further improvement in
the performance of the organosilane was achieved by the intro-
duction of the zirconium nanoparticles. The beneficial impact
of the nanoparticles is observed when comparing the apparent
coating resistances (Rp). The methacrylic and acetic acids pro-
viding the best improvements (no EPit observed) while the basic
nitrogen bonding Bipy provided the least. The hierarchy of per-
formance is in broad agreement with the thermal stability data
and confirms that importance of the ligand on the nanoparticle
formation (Fig. 2).
3.4.2. EIS
EIS involved applying an AC voltage at the OCP, with sinusoidal
amplitude of 10mV, from a frequency of 106 Hz down to 10−2 Hz
across a coating in contactwithDiluteHarrison’s solution. The coat-
Table 4
Electrochemical data for sol–gel coatings.
Substrate coating Icorr Ecorr Rp |ˇa| |ˇc| EPit
(A cm−2) (V) ( cm2) (V/decade) (V/decade) (V)
None (bare AA 2024-T3) 8.15×10−8 −0.525 2.05×106 0.0943 0.125
MAPTMS (Si) 6.87×10−9 −0.662 1.32×107 0.0689 0.103 −0.6
Si/Zr/AcOH 1.41×10−9 −0.472 5.50×107 0.0553 0.080 –
Si/Zr/IBA 2.05×10−9 −0.560 2.93×107 0.0542 0.089 −0.15
Si/Zr/MAAH 1.39×10−9 −0.148 6.50×107 0.0552 0.075 –
Si/Zr/AcAc 2.57×10−10 −0.254 3.20×107 0.0148 0.067 −0.21
Si/Zr/Bipy 1.15×10−9 −0.564 1.64×107 0.0265 0.068 −0.17
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Fig. 3. Bode plots of coatings after 1h immersion in dilute Harrison’s solution (A)
MAPTMS and Si/Zr modified with various ligands such as (B) MAAH, (C) AcOH, (D)
IBA, (E) AcAc, (F) Bipy.
Fig. 4. Bode plots of coatings after 72h immersion in dilute Harrison’s solution (A)
MAPTMS and Si/Zr modified with various ligands such as (B) MAAH, (C) AcOH, (D)
IBA, (E) AcAc, (F) Bipy.
Fig. 5. Salt spray results plots for various sol–gel coatings: (A) MAPTMS for 48h and Si/Zr modified with various ligands such as (B) MAAH, (C) AcOH, (D) IBA, (E) AcAc, (F)
BP for 1 week, (G) Bare AA2024 after 24h.
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ings resistance to the AC signal, or impedance, varies according to
the applied frequency and is graphically represented on a Bode fre-
quency plot. The phase angle associated with the impedance gives
valuable information on the film properties such as barrier perfor-
mance and interfacial activity. This activity is often seen as a build
up of oxide material, which may prevent charge transfer at the
metal surface thus increasing the effective interface capacitance.
The technique can be modelled as an equivalent electrical circuit
as explained elsewhere [38].
The impedance data for the hybrid coatings is shown after ini-
tial electrolyte (Dilute Harrison’s solution) exposure (Fig. 3(a and
b)) and 72h exposure (Fig. 4(a and b)). The most apparent drop in
impedance performance is seen with MAPTMS alone, which can
be interpreted as electrolyte ingress and interface corrosion (ϕ
increased to −80◦ at 10−1 Hz). In contrast Si/Zr/MAAH performs
best, maintaining high impedance with a minimal phase lag (ϕ
remaining below −20◦ at 10−2 Hz). As with the DSC study, the
acid chelated systems appear to be the most stable and resistant
to corrosion product formation.
3.5. Neutral salt spray test
Neutral salt spray test were conducted for 1 week under ASTM
B117 conditions. The first panels to fail were coated with MAPTMS
alone, after 48h (Fig. 5). The hybrid coatings performed better
and all panels were exposed for 1 week. The coatings based on
Si/Zr/MAAH and Si/Zr/AcOH performed best, corroding only along
the scribe with little pitting observed. The same order of perfor-
mance as seen with DSC, EIS and PDS was observed, whereby
Si/Zr/IBA coating outperformed the AcAc and Si/Zr/Bipy chelated
equivalents. Pitting was observed for the Si/Zr/IBA coating, to a
greater extent on the Si/Zr/AcAc coating with extensive corrosion
product present on the Si/Zr/Bipy film. The presence of pitting indi-
cates that the copper intermetallics at the alloy surface are not
being passivated, which confirms the PDS data where EPit values
in the −0.1 to −0.2V were observed.
4. Conclusion
Various ligands were used to form Zirconium nanoparticles
within an ormosil coating on AA2024-T3 aluminium, to improve
its performance under aggressive conditions. The electrochemical
studies and neutral salt spray results indicated that the zirco-
nium nanoparticles significantly improved the performance of
the ormosil coating, with nanoparticles formed using carboxylic
acid offering the best protection. The improved performance of
the acid modified ligands can be attributed to the formation
of much smaller size particles of ZrO2 during the hydrolysis
and condensation process thus providing a greater degree of
thermal stability to the polymer network. The use of other lig-
and such as AcAc and Bipy may have resulted in formation
of the larger size particles, and thus a less compact polymer
network which allowed the ingress of electrolyte to promote
corrosion.
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